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We propose a theoretical description of the phase diagram and physical properties in A2Fe4Se5-
type (A=K, Tl) compounds based on a coexistent local moment and itinerant electron picture. Using
neutron scattering and ARPES measurements to fix the general structure of the local moment and
itinerant Fermi pockets, we find a superconducting phase with s-wave pairing at the M pockets and
an incipient sign-change s-wave near the Γ point, which is adjacent to the insulating phases. The
uniform susceptibility and resistivity are found to be consistent with the experiment. The main
distinction with iron pnictide superconductors is also discussed.
PACS numbers: 74.20.Mn,71.27+a,75.20.Hr
Introduction.—The discovery of superconductivity in
iron pnictides,[1] where the highest Tc ' 55 K[2] is about
one third of a typical Ne´el temperature TN ' 134 K
in the nearby magnetic phase,[3] has renewed an inten-
sive study of the interplay between superconductivity
and antiferromagnetism.[4] Most recently, a new class
of iron-based superconductors, i.e., the intercalated iron
selenides, has been synthesized,[5, 6] in which a su-
perconducting (SC) phase with Tc ' 30 K seems ro-
bustly present inside an antiferromagnetic (AF) phase
with TN ∼ 500 K.[7–9] Such a coexistence with a large
(one order of magnitude) separation of the temperature
scales, together with the presence of an adjacent insu-
lating (instead of a metallic) phase with TN essentially
unchanged,[8, 9] make these materials distinctly differ-
ent from the iron pnictides. It thus provides a unique
opportunity to reexamine the possible SC mechanism un-
derlying the iron-based superconductors.
In the intercalated iron selenides, e.g., A2Fe4Se5
(A=K, Tl), the Fe atoms are basically arranged on a
square lattice with 1/5 vacancy sites, which are ordered
at TS, slightly higher than TN where a block AF or-
dering occurs.[8] The vacancy orders into a
√
5 × √5
pattern[6, 8, 10, 11] with a chirality of either right-handed
or left-handed [the former is shown in Fig. 1(a) with the
block AF order illustrated as well]. The observed large
magnetic moment (∼ 3.3µB in K2Fe4Se5[8]) suggests
that the majority of the iron 3d-electrons forms a lo-
cal moment of S ∼ 2, which is consistent with the LDA
calculations[12, 13] where a large gap (∼ 500 meV) im-
plies a Mott transition which stabilizes the large local mo-
ment. The observation of spin-wave spectrum up to 220
meV [14] further confirms the existence of the local mo-
ments. On the other hand, the ARPES measurements[15]
have found the electron pockets at the M points with
an isotropic SC gap (∼ 10 meV), indicating the resid-
ual electron itineracy. The optical measurement further
indicates[16] a strong reduction of the itineracy in this
system as compared to the iron pnictides.
Based on these experimental facts, one may be
tempted to treat[17] the intercalated iron selenides as a
doped AF/Mott insulator, which renders the iron-based
superconductor a multiband version of strongly corre-
lated systems. However, there also exists a much sim-
pler possibility for a multiband system with the Hund’s
rule coupling. Namely, via some kind of orbital-selective
Mott transition, the majority of the d-electrons may form
local moments with a large charge gap, but the residual
d-electrons may still remain quite itinerant at the Fermi
energy, which only perturbatively couple to the local mo-
ment rather than tightly locking with the latter as in a
doped Mott insulator case. Such a coexistent local mo-
ment and itinerant electron model has been phenomeno-
logically proposed[18, 19] to systematically describe the
AF and SC states in the iron pnictides and achieved a
consistent account for the experiments.
In this paper, by simply using the experimental in-
put for the local moment and itinerant electrons out-
lined above, we show that the mechanism for both AF
and SC states in A2Fe4Se5 remains essentially the same
as in the iron pnictides by a coexistent model descrip-
tion. It predicts an s-wave SC pairing at the M -pockets,
while an incipient sign-changed s-wave pairing weakly in-
duced around the Γ point, even though the hole pocket
is below the Fermi energy on the electron doping side.
Here the pairing glue comes from mediating the spin
fluctuations of the local moments. The SC state gen-
erally persists in the metallic phase at low temperature,
until at high or low doping where a competing charge-
density-wave (CDW) or spin-density-wave (SDW) order
sets in and turn the system into an insulator. It thus pre-
dicts a global phase diagram, whose low electron doping
regime is consistent with the experimental observations
in A2Fe4Se5. The corresponding uniform susceptibility
and resistivity calculated in this simple model are also
in qualitative agreement with the experiments. In the
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2present approach, the essential distinction between the
iron pnictides and the intercalated iron selenides mainly
lies in the (mis)match between the nesting momentum
of electron pockets and the characteristic momentum of
local moment AF correlation.
Model.—Our starting model Hamiltonian is of the
same general form as the one previously proposed for
the iron pnictides:[18, 19]
H = Hit +Hloc +Hcp. (1)
The first term Hit =
∑
k ξ(k)c
†
kck describes the
multiband itinerant electrons created by c† =
(c†Γ1 , c
†
Γ2
, c†M1 , c
†
M2
), and k is measured relative to the
pocket center. The band structure ξ(k) = (k) − µ is
phenomenologically written down based on the ARPES
measurements:[15] It includes two degenerate hole-like
bands around Γ (0, 0) point and two electron-like bands
at M1 (pi, 0) and M2 (0, pi) points, respectively [with
the nearest neighboring (nn) Fe-Fe lattice constant taken
as the unit], such that (k) will be a diagonal matrix
with diagonal elements as (Γ, Γ, M , M ). We will stick
to a particle-hole symmetric band structure Γ = −M
as shown in Fig. 1(b) for the sake of simplicity, with
M (k) = k
2/(2m) + 0, where m = 6 eV
−1 is the ef-
fective mass and 0 = 10 ∼ 15 meV produces a small gap
20 > 0 separating Γ and M bands (note that 20 < 0
for the iron pnictide case[18, 19]).
The Fe vacancy ordering will alter the above band
structure as the enlarged unit cell (cf. Fig. 1(a)) makes
the Brillouin zone (BZ) folded to 1/5 of the original 1-
Fe BZ, and opens up band gaps around the folded BZ
boundaries. Considering two chiralities of the vacancy
orders, the orientation of a pocket BZ may be “averaged”
to more isotropic as indicated by dashed circles in Fig.
1(c), with an area of 1/10 of the 1-Fe BZ characterized by
a momentum K = (2pi/5)1/2. Such a band structure may
be fitted by M (k) = +(k)−
√
−(k)2 + V 2C + 0, where
±(k) = (|k|2 ± (2K − |k|)2)/(4m) and VC controls the
size of the band gap (VC = VC0 = 40 meV at zero tem-
perature). The corresponding density of states (DOS) is
given in Fig. 1(d), in which µ ∼ 50 meV according to
ARPES is still away from the edge of the band gap.
The second term in Eq. (1) is Hloc =
∑
ij JijMi ·Mj ,
which generally describes the superexchange interactions
Jij between the iron local moments (denoted by Mi at
Fe site i). Here for A2Fe4Se5, a block AF order, in-
stead of a “stripe-like” order in the iron pnictides,[3] has
been identified by the neutron scattering[8] as shown in
Fig. 1(a). Then Mi may be “coarse-grained” within each
enlarged unit-cell labeled by a position vector R. Thus
Mi can be replaced by (M/4) e
iQs·Rn(R) where n(R)
is the unit vector for an effective spin M ' 2 × 4 = 8
in a block, with Qs being either Qs1 = (3pi/5, pi/5) or
Qs2 = (pi/5,−3pi/5) denoting the block AF wavevectors.
Then the low-energy local moment fluctuations in Hloc
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FIG. 1: (Color online) (a) Top view of the Fe (denoted by cir-
cles) layer with 1/5 Fe-vacancies ordered in the right-handed
rotation. The block AF ordering is indicated by the red/blue
arrows. The shaded square is the 1-Fe unit-cell used through
out this work. The dashed square is the enlarged
√
5 × √5
unit-cell for the vacancy ordering. (b) Bare band structure of
the itinerant electrons. (c) Γ, M1 and M2 points in the 1-Fe
BZ. Black circles around M points indicate the Fermi surface
at µ = 50 meV. Shaded square regions are the folded BZ’s for
the right-handed lattice, while the dashed circles of a radius
K mark the “averaged” BZ’s (see text). The AF wavevec-
tors, Qs1 and Qs2, are defined in the text. (d) The density
of states with the band gap induced by the Fe vacancy order.
may be properly captured by a nonlinear σ-model in a
Lagrangian form
Lloc = 1
2g0
[
(∂τn)
2 + c2(∇Rn)2 + iλ(n2 − 1)− κ2n2z
]
(2)
with c as the spin wave velocity and g0 the effective cou-
pling constant. In particular, κ is an easy-axis anisotropy
parameter, which can effectively pin down the AF order
at a finite TN ∼ 500 K. The propagator for the n field is
given by [18, 19] D(q, iωn) = −g0/(ω2n + Ω2q) with Ωq =√
c2q2 + κ2 + η2, in which η2 ≡ iλ, determined by the
condition
〈
n2
〉
= 1, vanishes at T ≤ TN where one finds
n0 ≡ |〈n〉| quickly saturates to 1 with the transverse spin
fluctuations gapped by κ.
Finally, a local moment and itinerant electrons at each
iron site should be effectively coupled via a renormal-
ized Hund’s rule coupling JH in Hcp = −JH
∑
iMi · Si,
where Si =
1
2c
†
iσci is the spin operator for the itiner-
ant electrons, and σ denotes the Pauli matrices. Us-
ing the “coarse-grained” local moment, one finds Hcp =
J0
∑
k,q,P nq ·c†k+q±P sP ck, where J0 ∝ JH , and P takes
either Qs1− (pi, 0) or Qs2− (0, pi) (with M points as the
origin of momentum, cf. Fig. 1(c)). Here the spin-orbital
3matrices sP are given by
sP1 =

0 0 σ 0
0 0 σ 0
σ σ 0 0
0 0 0 0
 sP2 =

0 0 0 σ
0 0 0 σ
0 0 0 0
σ σ 0 0
 . (3)
Superconductivity.— Similar to the previous consider-
ation for the iron pnictide case,[19] the itinerant electrons
will experience an SC instability in the Cooper channel
by exchanging the local moment fluctuations. The effec-
tive pairing interaction is mediated by local moment fluc-
tuations Hint =
1
2
∑
k,k′ c
†
kc
†
−kΓ (k − k′) c−k′ck′ , with
the vertex function given by Γ(q) = J20
∑
P TrD(q ±
P )sP ⊗ sP . Here Tr stands for a summation over
local moment modes. Γ(q) is a 64 × 64 matrix de-
termining the pairing strength of the 64 modes, i.e.,
(2 spins×4 pockets)2 = 64. To determine the pair-
ing symmetry, we simply diagonalize Γ(q) and find the
strongest attractive interaction in the channel domi-
nated by the spin-singlet intra-pocket pairing, which in-
volves 4 parameters: ∆Γ1 , ∆Γ2 , ∆M1 , ∆M2 defined
by ∆A = (ckA↑c−kA↓ − ckA↓c−kA↑)/
√
2. Then ac-
cording to the BCS theory, the linearized gap equa-
tion reads ∆A(k) =
∑
B,k′ ΓAB (k − k′) fB (k′) ∆B (k′),
where A, B labels the pairing modes, and fΓ(M)(k) =
−(2ξΓ(M)(k))−1 tanh(βξΓ(M)(k)/2) (where β−1 ≡ kBT ).
Diagonalize the right-hand-side of the gap equation,
the greatest eigen value is found to be 2VSC|fΓfM |1/2,
with the corresponding eigen modes given by ∆Γ1 =
∆Γ2 ∝ −|fΓ|−1/2 and ∆M1 = ∆M2 ∝ |fM |−1/2, in-
dicating s-wave pairing with opposite sign between Γ
and M bands. Here VSC = −J20 〈D(k − k′)〉k,k′∈FS and
fΓ(M) =
∑
k fΓ(M)(k). Figure 2 shows the paring sym-
metry at various dopings. The SC is mainly s-wave on
the Fermi surfaces around the M points, but weak pair-
ing order of opposite sign may still be induced in the
hidden Γ bands, reflecting essentially the same s±-wave
nature as in the iron pnictides.[21]
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FIG. 2: (Color online) The pairing symmetry and strength
characterized by fA(k)∆A(k): (a) The electron doped case
at µ = +50meV (relevant to reality); (b) The undoped case
at µ = 0meV; (c) The hole doped case at µ = −50meV.
The BCS mean field equation 2VSC|fΓfM |1/2 = 1 (note
that fΓ(M) are functions of µ and T ) is solved numeri-
cally with fixed VSC = 0.36 eV. Its solution trace out
the boundary of the SC phase as shown in Figs. 3(a) and
3(b), for 0 = 10 meV and 0 = 15 meV, respectively. In
both cases, the SC phase eventually terminates when the
vacancy-induced band edge is reached in the overdoped
region, crossing over to an insulator caused by the Fe
vacancy ordering.
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FIG. 3: (Color online) The global phase diagram at different
inter-pocket gaps: (a) 0 = 10 meV; (b) 0 = 15 meV. No-
tations, Γ-SC and M -SC, stand for the SC on Γ pockets and
M pockets, respectively. The resistivity is calculated outside
the SC phases, as shown by the color from yellow to green
indicating the resistivity from high to low.
The SC phase can extend into the small insulating re-
gion around µ = 0 (c.f. Fig. 3(a)), where the chemical
potential rests in the band gap and the Cooper instabil-
ity of the Fermi surface is not well-defined. It would be
better to understand such a SC state as the condensation
of the cooperons,[20] formed by virtually exciting a pair
of electrons from the valence band, and pairing them in
the conduction band. If the energy cost to excite across
the band gap can be compensated by the energy gain in
the pairing, the cooperons will condense in the insulator.
However, such a SC state is fragile and disappears (c.f.
Fig. 3(b)) if the band gap 0 is greater than a critical
value 0c, which can be seen from the following solution
of the SC critical temperature Tc
kBTc =
|0|
2
[(
2W
0
e−1/λ − 1
)2
− 1
]1/2
, (4)
where W is the typical band width of Γ and/or M pock-
ets, and λ = 2VSC(NΓNM )
1/2 with NΓ(M) the average
DOS of the Γ(M) bands, NΓ(M) = m/(2pi). Tc will drop
to zero at 0c = We
−1/λ, which is of the same order as
the zero-temperature SC gap ∆0 'We−1/λ. Then it can
be estimated that 0c ' ∆0 ∼ 10 meV, according to the
observed gap in the ARPES experiment.[15] An induced
SC state due to the cooperon mechanism near µ = 0
provides a unique prediction for an explicit separation of
local and itinerant electrons near the Fermi energy.
At µ = 0, where the Γ and M bands are both close
to the Fermi energy, there is also a chance for an incip-
ient SDW order of the itinerant electrons to occur, as
induced by coupling to the block-AF-ordered local mo-
ments, albeit the required momentum match between the
two sub-systems is much weaker as compared to the iron
pnictide case.[18, 19] In other words, the insulating state
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FIG. 4: (Color online) (a) The uniform magnetic susceptibil-
ity χu = χit + χloc at µ = 50 meV. The (red) dotted curve:
itinerant electron part χit; The (blue) dashed curve: local
moment part χloc. (b) DC resistivity calculated at different
µ’s, corresponding to different electron dopings in Fig. 3(b),
including two insulating regimes and the AF metal regime in
between, with the SC transition at low temperatures.
observed in A2Fe4Se5-type compounds at low doping may
well have a weak SDW order of the itinerant electrons
locking with the block AF order of the local moment
background.
Uniform susceptibility.—The uniform magnetic sus-
ceptibility composed of the contributions from both the
itinerant electrons and local moments: χu = χit + χloc,
similar to Ref. [18, 19], is shown in Fig. 4(a) in the metal-
lic phase. Here χit = −
∑
k[n
′
F (EΓ(k)) + n
′
F (EM (k))]
with EA(k) =
√
ξA(k)2 + ∆2A is the contribution from
the itinerant electrons, which is suppressed by the s-wave
pairing in the SC state below Tc (dotted curve). And
local moments contribute to: χloc = (piβc
2)−1[Ω0β(1 −
e−Ω0β)−1 − ln(eΩ0β − 1)] with Ω0 =
√
κ2 + η2, which
is qualitatively changed at TN = 500 K (dashed curve).
The overall behavior of χu is in qualitative agreement
with the experiments.[8, 9]
Resistivity.—The resistivity for the electron doped case
is calculated according to the following formula
ρ−1dc =
β
2
∑
k
v2M (k)
τ−1 (ξM (k))
sech2
βξM (k)
2
, (5)
where vM (k) = ∂kξM (k) is the velocity of itinerant elec-
trons in the M bands, and the relaxation rate is ob-
tained from the self-energy through τ−1(ω) = −ImΣ(ω),
with Σ(k) = −J20
∑
q TrD(q ± P )sPG(k + q)sP . Here
G(k) = −〈ckc†k〉 stands for the itinerant electron prop-
agator. Corresponding to the phase diagram shown
in Fig. 3(b), the calculated resistivity is presented in
Fig. 4(b). Here to simulate the charge ordering, we adopt
a phenomenological model VC = VC0
[
1− (T/TS)2
]1/2
at
T < TS ' TN. Again one finds an overall qualitative
agreement with the experimental measurements.[8, 9]
Discussion.—The discovery of iron-based supercon-
ductors, especially the newly found intercalated iron se-
lenides, has challenged the notion that superconductivity
generally competes with magnetism. Within the BCS
paradigm, an SC state coexisting and benefiting from
magnetism is only possible when they do not seriously
compete for the electron spectral weight near the Fermi
energy. It was previously conjectured[18, 23, 24] that an
orbital-selective Mott transition may take place among
the 3d-electrons in iron-based superconductors such that
the local moment and the itinerant electron degrees of
freedom are effectively separated, which can eliminate
the dynamic competition for the spectral weight at low
energy, while the long-wavelength fluctuation of the lo-
cal moments provides with the necessary pairing glue for
the itinerant electrons. In the iron pnictide case, due to a
good momentum match (namely the AF wavevector well
connects the pockets at Γ and M), a joined AF/SDW
ordering formed by both the local moment and itiner-
ant electrons competes with the SC phase at low doping,
and the SC phase gets suppressed in the magnetically
ordered regime. In the present work, the SC phase can
survive even in the presence of a static block AF order
because the latter does not induce a strong SDW order
due to the momentum mismatch (in fact, the Γ pocket
generally buries below the Fermi energy), such that the
SC phase persists throughout the metallic regime coex-
isting with the magnetic ordering. Only at low doping
or overdoping, the SC phase may get suppressed by in-
sulating phases possibly with a SDW order induced by
the local moment or a CDW order induced by the Fe
vacancy ordering, which remain to be verified by future
experiments.
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